Central sensitization (CS) refers to an increase in the excitability of spinal dorsal horn neurons that results from, and far outlasts the initiating nociceptive input. Here, functional magnetic resonance imaging was used to examine whether supraspinal activity might contribute to the maintenance of CS in humans. A crossover parametric design was used to distinguish and control for brain activity that is related to the consequence of increased pain experienced during CS. When the intensity of pain during CS and normal states were matched, only activity within the brainstem, including the mesencephalic pontine reticular formation, and the anterior thalami remained increased during CS. Further analyses revealed that activity in the isolated brainstem area correlated positively with the force of noxious stimulation only during CS, whereas activity in the isolated thalamic area was not modulated parametrically in either CS or normal states. Additionally, the mean activity in the isolated brainstem area was increased only during CS, whereas the mean activity in the isolated thalamic area was increased in both states, albeit less so in the normal state. Together, these findings suggest a specific role of the brainstem for the maintenance of CS in humans. Regarding brain areas related to the consequence of increased pain perception during CS, we found that only cortical activity, mainly in the primary somatosensory area, was significantly correlated with intensity of pain that was attributable to both the force of noxious stimulation used and state in which noxious stimulation was applied.
Introduction
Central sensitization (CS) refers to an increase in the excitability of neurons in the spinal dorsal horn that results from and far outlasts the initiating nociceptive input because of injury (Ji et al., 2003) . Data from animal studies reveal that the maintenance of spinal excitability relies on descending facilitation from brainstem reticular nuclei (Suzuki et al., 2004) ; however, evidence in humans is lacking. The cardinal symptom of CS is secondary mechanical punctate hyperalgesia (SMPH). SMPH is increased pain behavior in response to noxious punctate stimulation of normal skin adjacent to the site of injury (IASP, 1994) . SMPH is commonly found in patients with chronic pain (Baron, 2006) but may also be experimentally induced in healthy volunteers by treating the skin with capsaicin (LaMotte et al., 1991) . Capsaicin, a vallinoid compound, activates TRPV-1 (transient receptor potential vanilloid-1) receptors that are richly localized to nociceptors (Caterina et al., 1997) . Several psychophysical studies suggest that CS is responsible for SMPH induced by capsaicin in humans. Intraneural microstimulation that normally elicits nonpainful referred sensation, caused pain after the skin adjacent to the area of referred sensation was treated with capsaicin (Torebjork et al., 1992) . Furthermore, local anesthesia before capsaicin treatment limits the flare but not the development of SMPH (Klede et al., 2003) . It is also established that SMPH develops and far outlasts the immediate pain caused by capsaicin (LaMotte et al., 1991) . Together, these human studies indicate that capsaicin induced CS is initiated, but not exclusively maintained by peripheral nociceptive input (Ziegler et al., 1999; Ji et al., 2003) .
Nearly a decade of neuroimaging research has revealed that supraspinal activity is increased during mechanical hyperalgesia that is experimentally induced by capsaicin in healthy volunteers (Iadarola et al., 1998; Baron et al., 1999; Zambreanu et al., 2005; Mainero et al., 2007) . Increased activity is found in the brainstem, the thalami, cerebellum, primary and secondary somatosensory cortices, insula and cingulate cortex. However, hyperalgesia implies that increased pain occurs with identical stimulation of hyperalgesic skin compared with normal skin. As such, the increased activity observed in many brain regions likely reflects the experience of increased pain that is the consequence of CS. Indeed, activity in the insula, anterior cingulate cortex and somatosensory cortices has been shown to increase with increasing intensity of pain perceived under normal (nonhyperalgesic) conditions. (Coghill et al., 1999; Bornhövd et al., 2002) .
In this present study, functional magnetic resonance imaging (fMRI) was used to isolate supraspinal activity that is related specifically to the maintenance of CS induced by capsaicin in humans. A crossover parametric design was used to distinguish and control for brain activity that is due to the consequence of increased pain perception during CS.
Materials and Methods

Subjects
Fifteen healthy subjects (right-handed; 8 males; mean age, 28 years; age range, 24 -37 years) volunteered and were recruited after their written informed consent and full approval of the study by the Oxfordshire Local Ethics Committee (CO2-286).
Study design
The study used a crossover design to investigate pain perception and brain responses related to noxious mechanical stimulation of the skin during capsaicin induced CS and the normal state.
CS and control sessions
All subjects underwent two randomly ordered experimental sessions separated by 5-7 d. In one session, capsaicin (50 g dissolved in 0.1 ml of Tween 80) was injected intradermally, ϳ15 cm above the right medial malleolus. The site of injection was chosen because it was readily accessible during scanning and larger areas of hyperalgesia develop after capsaicin application in the lower limb compared with upper limb (Liu et al., 1998) . Immediately after capsaicin injection, subjects rated the intensity of burning pain after injection over a five-min period using a numerical rating scale (0, no pain; 100, intolerable pain). Twenty minutes later, the presence of SMPH was tested within a 2 cm 2 area drawn 5 cm distal to the site of injection. All subjects were also asked whether punctate stimulation in that area resulted in a greater intensity of sharp or prickling sensation when compared with similar stimulation of the homologous area in the left leg. The drawn area was designated for testing during the fMRI scan. All subjects were scanned ϳ30 min after capsaicin injection, which is when the area of SMPH is fully developed (LaMotte et al., 1991) .
In the control session, the skin was left untreated. An area identical to where SMPH was tested in the capsaicin-treated session was drawn and designated for testing during the fMRI scan. Sham injection was not performed in the control session, because the aim of the study was not to ascertain whether capsaicin causes hyperalgesia (because this is already well accepted) but rather to examine the phenomenon of hyperalgesia that is established by capsaicin.
Experimental paradigm
During fMRI scanning, the skin designated for testing was stimulated with four punctate probes. Each probe delivered a different force (64, 128, 256, and 512mN) . The probes were cylindrical stainless-steel wires (tip diameter, 200 m) mounted on rods of different brass weights. The rods moved ad libitum within a hand-held aluminum tube. Each probe was applied 12 times as earlier published psychophysical studies were able to demonstrate the left-ward shift in stimulus response function related to capsaicin induced hyperalgesia, using between five to 10 trials per category of force (Ziegler et al., 1999) . Additionally, pilot and published studies from our laboratory indicate that 12 repeats provides adequate signal-to-noise ratio for measuring brain activity using fMRI .
The probes were applied for one second each in pseudorandom sequence by the same researcher. After every stimulus, the subject used a computerized visual analog scale (VAS) to indicate the intensity of sharp sensation experienced (left anchor, not at all; right anchor, intolerable). The interstimulus interval was randomly jittered (between 28 and 32 s) to allow higher effective sampling of the blood oxygenation level dependent (BOLD) signal after stimulation. The VAS appeared 12 s after each stimulus for a period of 6 s.
fMRI data acquisition fMRI data were acquired using a 3T Varian-Siemens whole-body magnetic resonance scanner. A head-only gradient coil was used with a birdcage radiofrequency coil for pulse transmission and signal reception. A whole-brain (including the midbrain, pons, and cerebellum) gradientecho, echo-planar-imaging sequence was used for functional scans (echo time, 30 ms; 43 contiguous 3-mm-thick slices; field of view, 192 ϫ 192 mm; matrix 64 ϫ 64) with a repetition time of 3 s Ͼ495 volumes. The first four volumes were discarded to permit equilibration of the BOLD signal. A T1-weighted 1 mm 3 structural image was acquired for the registration of statistical activation maps.
Data analysis
Psychophysics. Subjects were considered to have developed SMPH if punctate stimulation of the capsaicin-treated area resulted in a subjective report of greater intensity of sharp or prickling sensation when compared with similar stimulation of the contra-lateral homologous area, and a statistically significant increase in VAS scores attributable to capsaicin treatment was demonstrated. The main effects of capsaicin treatment and force of punctate stimulation were tested in each individual using repeated measure ANOVA.
fMRI. All analyses were performed using FEAT (FMRIB Expert Analysis Tool) Version 5.67, part of FSL (FMRIB's Software Library; www. fmrib.ox.ac.uk/fsl). The following prestatistics were applied: motion correction, nonbrain removal, spatial smoothing using a Gaussian kernel of full-width, half-maximum, 5 mm; grand-mean intensity normalization of the entire four-dimensional dataset by a single multiplicative factor; high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with ϭ 50 s). Time-series statistical analysis was performed with local autocorrelation correction.
The input stimulus functions related to punctate stimulation with each force [(in mN) 64, 128, 256, 512] and the task of rating were convolved with the gamma hemodynamic function (mean lag, 6 s; full-width at half-height, 6 s) to yield regressors in a general linear model that described the BOLD activity in the fMRI time-series. Parameter estimates (PE) were computed for the regressors that described BOLD activity associated with each force of punctate stimulation. These parameter estimates were also averaged to obtain a PE for the overall effect of punctate stimulation on BOLD activity.
All group analyses were performed using FLAME I (FMRIB Local Analysis of Mixed Effects) (Woolrich et al., 2004) . For the purpose of group analyses, registration of low-resolution functional images to the corresponding high-resolution structural images was performed, followed by registration to a standard brain [Montreal Neurological Institute (MNI)-152 template] (Jenkinson et al., 2002) . Z score Ͼ2.3 was chosen as the significant threshold for the Z-statistic images from the group analysis. A cluster based method ( p Ͻ 0.01) was used to correct for multiple comparisons (Friston et al., 1994) .
The following hypothesis-driven analyses were performed. The group-averaged PE that represented the increase in BOLD activity associated with punctate stimulation for each force [(in mN) 64, 128, 256, 512] during both hyperalgesic and normal states were determined.
As with previous neuroimaging studies, the PE representing the overall effect of punctate stimulation on BOLD activity during the hyperalgesic state compared with the normal state was determined by a paired test.
The PEs for the punctate force in the normal and hyperalgesic state that produced a similar intensity of pain (the least difference in VAS ratings) was selected for each individual subject (see Fig. 1 ) and compared using a paired test. This analysis controlled for the increased pain intensity perceived during hyperalgesia and allowed the isolation of the supraspinal area where BOLD activity was specifically related to the process of CS.
Finally, a correlation analysis was performed to determine where BOLD activity correlated with the perception of pain intensity induced by either the state change or increasing force within states. The VAS scores, representing the perception of pain intensity associated with each punctate force that was applied in the normal and hyperalgesic states, were averaged across all subjects. These scores were demeaned and used as the covariate of interest in the analysis. After accounting for the mean effect of punctate stimulation across normal and hyperalgesic states, the BOLD activity that correlated with VAS scores, either positively or negatively, was identified.
Results
Psychophysical
All subjects experienced intense burning pain immediately after intradermal injection of capsaicin. The burning pain subsided within 5 to 10 min (Fig. 1, top graph) . Twelve (right-handed, 6 males) developed SMPH using our criterion, as follows: an increased intensity of sensation related to the punctate stimulation of the area surrounding the injection site, compared with the homologous contra-lateral area, and a significant main effect of capsaicin on VAS-scores in each subject ( p Ͻ 0.05) (Fig. 1 , bottom graphs). The mean VAS-scores associated with punctate stimulation of 64, 128, 256, and 512mN force from each subject were used in a group analysis (repeated measure ANOVA). As expected, there were significant main effects of capsaicin ( p Ͻ 0.0001, F (1,50) ϭ 63.16) and force ( p Ͻ 0.0001, F (3,50) ϭ 32.67) (Fig. 2, bottom graph) . The posttests comparing VAS-scores related to stimulation with equal forces during capsaicin and control sessions, adjusted for multiple comparisons (Bonferroni's correction), were as follows: 64 mN, p Ͼ 0.05; 128 mN, p Ͻ 0.05; 256 mN, p Ͻ 0.001; 512 mN, p Ͻ 0.001.
Imaging
The aim of imaging in the present study was to investigate the neural correlates of CS. Therefore, only imaging data from the 12 subjects in whom CS was evidenced by SMPH were included in the analyses.
In the normal state, punctate stimulation increased BOLD activity in the bilateral anterior cingulate, anterior and posterior insular cortices, secondary somatosensory and supplemental motor areas and the contra-lateral primary somatosensory areas. A similar pattern of increase in BOLD activity was observed during hyperalgesia. However, there were additional increases of BOLD activity found in subcortical structures; namely the brainstem, the thalami, and cerebellum (Figs. 2, top; 3, top row) .
The difference in the overall BOLD activity because of punctate stimulation between the hyperalgesic and normal states (not Figure 1 . Top, Mean (SD) numeral rating scale (NRS) pain intensity scores over time after intradermal capsaicin. Bottom, Psychophysical stimulus response functions for punctate stimulation of the control (gray) and capsaicin-injected (black) sites for 12 subjects. Each subject is represented by a different symbol. The mean (SD) VAS scores of pain intensity that was associated with each force are plotted. There was a significant effect of force and capsaicin in all subjects ( p Ͻ 0.01). The pair of forces adjoined by the black line had means that were least different.
controlling for perception) was significant in several brain regions (Fig. 3 , top row) (supplemental Table 1 , available at www. jneurosci.org as supplemental material), including the brainstem thalami, left basal ganglia (caudate and putamen), amygdala, posterior insula, secondary somatosensory area, supplemental motor and primary somatosensory areas. Prefrontal areas that include the right frontal-polar and orbital-frontal cortices also showed increased activity.
Identification of subcortical activity related to the maintenance of CS When punctate stimulation was matched for the perception of pain in the hyperalgesic and normal states, the brainstem and thalami were the only areas where activity remained significantly increased in the hyperalgesic state compared with the normal state (Fig. 3, bottom row) . Closer inspection of these areas revealed two noncontiguous clusters of activity.
The first cluster mainly includes the anterior thalami. The precise thalamic nuclei involved cannot be ascertained given the spatial resolution of the present wholebrain fMRI study. In fact, boundaries between thalamic nuclei that are visualized histologically are not easily seen in magnetic resonance images, even using contrast-optimized protocols (Magnotta et al., 2000) . Nonetheless, the likely cortical connections associated with a given thalamic coordinate in MNI-space may be inferred through the use of MR atlases that provide the probabilities of cortical connections based on diffusion tractographic studies in humans (Behrens et al., 2003; Johansen-Berg et al., 2005) . Using the Thalamic Connectivity Atlas implemented in FSLView 4.0 (www.fmrib.ox.ac.uk/fsl), voxels in anterior thalamic cluster were assigned to either the left or right thalamus, and the dominant cortical connection of each voxel was determined. We found that the dominant cortical connection was to the prefrontal cortex (PFC) for the majority of voxels, 73 and 56% for the right and left thalamus, respectively (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
The second cluster of activity was found within the brainstem. Attribution of fMRI activity to specific brainstem nuclei is possible but ideally requires acquisition protocols that are optimized for, and therefore limited to the brainstem (Dunckley et al., 2005) . However, as the primary of aim of our study was to characterize activity in all supraspinal areas, rather than just within the brainstem, a whole-brain fMRI acquisition protocol was chosen that gives lower spatially resolved activity within the brainstem. In our study, the delineation of brainstem activity therefore relied on visual comparison with schematic drawings of gross anatomy obtained from a detailed atlas of the human brainstem (Duvernoy, 1995) , because a template, stereotaxic brain, such as the atlas by Talairach and Tournoux (Talairach and Tournoux, 1988) , does not exist for the brainstem. Visual inspection revealed that the brainstem activity occurred in several areas that included the mesencephalic pontine reticular formation (MPRF), along with the ventral tegmental area, substantia nigra, and red nucleus (Fig. 4) . Notably, the increased activity in the MPRF appeared contralateral to the site of punctate stimulation, and unlike results of the earlier analysis that does not control for pain perception (Fig. 3, top row) 64, 128, 256, 512] in the control (blue) and capsaicin-treated (red) areas. There was a significant effect of force and capsaicin on the group mean VAS scores of pain intensity (repeated-measures ANOVA; main effects p Ͻ 0.01; no interaction).
tal material), activity in the periaqueductal gray (PAG) activity was not increased.
Functional characteristics of subcortical activity related to the maintenance of CS
To investigate whether thalamic and brainstem clusters were functionally similar, we examined the correlations between the percentage changes in the BOLD signal of both clusters during punctate stimulation and the force of punctate stimulation. This was performed for data obtained during CS and normal states. The percentage signal change was calculated as the mean of nonzero voxels in the binarized mask of the relevant cluster after affine transformation to functional space (Jenkinson et al., 2002) .
We found that activity in the brainstem cluster increased with increasing force only during CS (linear regression; 1/slope ϭ 3199; r 2 ϭ 0.09, p ϭ 0.03) (Fig. 5, top) . A similar correlation of activity in the brainstem cluster was not observed in the normal state.
In contrast, activity in the thalamic cluster was increased in both hyperalgesic and normal states, albeit less so in the latter state. (Fig. 5, bottom, right) . Also, unlike activity in the brainstem cluster, activity in thalamic cluster was uncorrelated with force in either hyperalgesic or normal state.
Identification and characterization of cortical activity related to the perpetual consequence of CS
We found that only cortical activity correlated positively with the intensity of pain induced by either the change in state or increased force used within states. Whereas activity in the primary motor area and the anterior cingulate cortex (ACC) correlated positively with perception of pain, the peak correlation (Z score ϭ 4.1) was found for activity in the contralateral primary somatosensory cortex (SI) (MNI coordinates, Ϫ12, Ϫ40, 72) (Fig. 6) .
To further delineate the cortical areas identified above in terms of their role in the perception of pain intensity, we examined whether activity in these areas also correlated with the intensity of pain perceived on a trial-by-trial basis. The correlations were examined for data obtained in the normal state as well as during CS. The correlations for each subject were computed using regressors that modeled brain activity based on the sequence of VAS ratings associated with each and every punctate stimulus. These regressors reflect the perception of pain intensity on a trialby-trial basis and are unique to each subject and the state in which pain was perceived by that subject (Davis et al., 2002) . Brain activity associated with punctate stimulation and the task of pain rating were modeled as confound regressors. The group mean correlations were then generated for the normal state and as well as during CS. All analyses used statistical methods that had been described earlier. An uncorrected voxel-based threshold, Z score Ͼ2.3 was used to identify correlations within the cortical area of interest. For both the CS and normal states, we found significant correlations only for activity within the right lower limb representation of SI (Fig. 6 ).
Discussion
Our results suggest that brainstem activity contributes to the maintenance of the CS state in humans whereas activity in the somatosensory cortex reflects the perceptual consequence of CS that is an increase in the intensity of pain experienced.
A specific role for the brainstem in the maintenance of central sensitization Several imaging laboratories, including ours, have mapped widespread increases in brain activity to an identical force of punctate stimulation in the hyperalgesic state compared with the normal state (Baron et al., 1999; Zambreanu et al., 2005) . However, amplification of input from peripheral mechanosensitive afferents occurs at the level of the spinal dorsal horn (Sun et al., 2004) before further transmission to supraspinal areas. The increased activity in supraspinal areas observed in earlier neuroimaging studies during hyperalgesia might therefore be related to the consequence of spinal amplification of nociceptive input (i.e., increased pain perception). This interpretation is consistent with our finding that the increases in brain activity were widespread when identical punctate stimulation during the hyperalgesic and normal states were compared. (Figs. 2; 3, top row ). Yet evidence from these studies, particularly our own Zambreanu et al., 2005) , do suggest that the increased brainstem activity during hyperalgesia reflects CS maintaining mechanisms, such as descending facilitation, as shown in animal studies. However, because of confounds related to perception the data to date is equivocal.
To control for the epiphenomenon of pain perception and thereby determine supraspinal areas specific to the maintenance of CS, we compared BOLD activity related to punctate stimulation that was associated with similar pain ratings in the normal and hyperalgesic states. We found that brainstem activity in the hyperalgesic state remained increased compared with the normal state even after the perception of pain was matched in both states. Because the intensity of pain was similar in both states, and for the hyperalgesic state resulted from a less forceful punctate stim- ulation, neither nociceptive input nor perception adequately accounts for the increased activity in the brainstem. We propose that this increase in activity represents the supraspinal modulation of spinal processing which leads to the eventual facilitation of nociceptive input and the maintenance of CS.
Our proposal is supported by the observation that the increased brainstem activity was localized to areas that included the MPRF (Fig. 3) . The MPRF itself consists of the nucleus cuneiformis reticularis and pontine reticular nuclei. The role of these nuclei in the supraspinal facilitation of nociceptive processing is well recognized in animal studies Gebhart, 1992, 2002) . They receive a large afferent input from nociceptive lamina I dorsal horn neurons, project directly to the rostral ventral medial medulla (RVM) (Zemlan and Behbehani, 1988) , and possess nocifensive reflex-related neurons with neurophysiological characteristics similar to those reported in the RVM (Carlson et al., 2005) . The RVM is an integral part of the brainstem reticular formation that facilitates nociceptive processing at the level of the spinal dorsal horn during CS (Gebhart, 2004) . After tissue injury, CS is initiated in the spinal dorsal horn. Input from the spinal dorsal horn ascends from the spinal dorsal horn to the MPRF (Mantyh et al., 1997) . Output from nuclei in the MPRF activates descending pathways from the RVM that enhances nociceptive processing at the level of the spinal dorsal horn thereby completing a facilitatory spinal-bulbar circuit that maintains CS (Suzuki et al., 2002) . Descending facilitatory pathways are not demonstrably involved during nociceptive processing in the normal state (Ossipov and Porreca, 2006) . However, other brainstem nuclei, for example those involved in nociceptive transmission or autonomic response, may activate in response to ascending spinal nociceptive input (Petrovic et al., 2004; Dunckley et al., 2005) . Hence, the absence of increased activity in the brainstem area identified as the MPRF during nociceptive processing in the normal state (Fig. 4 , bottom, left graph), further supports its specific role in CS. In contrast, the increase in thalamic activity in response to punctate stimulation across all forces was present (albeit reduced) in the normal state (Fig. 4, bottom, right graph) . 
Facilitatory brainstem activity during central sensitization
The isolated brainstem activity might represent either a facilitatory influence or the release of tonic inhibition on nociceptive processing at the level of the spinal dorsal horn or both. This cannot be fully ascertained without selective pharmacological inactivation of the brainstem area where activity was found.
Nonetheless, we argue for a facilitatory role for the brainstem activity isolated in our study for the following reasons. The release of tonic inhibition by the brainstem would have been suggested had the BOLD responses been greater in the normal rather than the hyperalgesic state. Such activity would likely be localized to the PAG that plays an established role in the descending inhibition of spinal nociceptive processing. However, in our study, the identified brainstem activity was clearly greater during the hyperalgesic state and localized to the MPRF rather than to the PAG. Additionally, activity in the isolated brainstem area correlated positively with the force of noxious stimulation during CS. The correlation between nociceptive input and brainstem activity during CS resembles the electrophysiological response of "on-cells" that are nocimodulatory and a source of descending facilitation (Hernández and Vanegas, 2001) . Although the force of stimulation only accounted in part for the variation in brainstem activity observed during CS, similar correlations were not observed in the brainstem during the normal state, or in the thalami for either state.
A role for the anterior thalamus and PFC in the cognitive control of hyperalgesia Only the sensory-discriminatory aspect of pain was matched between normal and hyperalgesic states in this study. As such, the increased BOLD activity isolated after controlling for the sensory dimension of pain may reflect differences related to other aspects of a painful experience during CS that were not assessed in the study, for example its affective or motivational aspects (Price, 2000) .
Stress attributable to a painful injection of capsaicin can influence how the nervous system processes subsequent nociceptive stimuli. However, in our study, pain attributable to the capsaicin injection was very short-lived (Fig. 1, top) , and its effects are unlikely to carry over to the imaging period (Lewis et al., 1980) . For example, in our pilot psychological study, scores from State Anxiety questionnaires (Spielberger and Gorsuch, 1983 ) that were collected after capsaicin injection did not significantly differ from those collected in sessions in which no injection was administrated (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). It should also be noted that acute stress is usually associated with analgesia and not hyperalgesia (Willer et al., 1981) . Therefore, the effects of stress cannot account for hyperalgesia and the increase of BOLD activity observed in our study during CS.
However, pain that is experienced in the context of previous injury (capsaicin injection) is more salient and may be more thoroughly appraised by the subject. However, the mechanisms underlying the cognitive appraisal of pain should also operate to some extent during pain experienced in the normal state. Because the increased brainstem activity isolated in our study was absent in the normal state, the brainstem activity is probably unrelated to the cognitive appraisal of pain. In fact, the cognitive appraisal of pain is thought to be substantiated by activity in the dorsolateral and ventral-lateral PFC (Wiech et al., 2008) . Indeed, the increased PFC activity that is consistently observed during neuroimaging studies of hyperalgesia (including ours) has been attributed to such increased cognitive appraisal during hyperalgesia (Lorenz et al., 2002) . PFC activity has also been shown to exert an inhibitory influence on nociceptive processing through modulation of thalamicmidbrain connectivity (Lorenz et al., 2003) . Given the likely cortical connections of the anterior thalami to the PFC, and that increased activity in both was observed during CS, we speculate that the anterior thalamic activity represented part of the cortical control of nociceptive processing driven by the increased PFC activity during CS.
Increased pain intensity as the perceptual consequence of central sensitization is reflected by increased cortical activity
Neuroimaging and electrophysiological studies in humans have long demonstrated that activity in cortical areas such as SI and ACC encodes the perception of pain in the normal state (Rainville et al., 1997; Coghill et al., 1999; Timmermann et al., 2001; Bornhövd et al., 2002; Gross et al., 2007) . In this present study, activity in SI and ACC was correlated positively with the intensity of pain that was attributable to both the force of noxious stimulation used and state in which noxious stimulation was applied. Thus, activity in SI and ACC are more related to the intensity of pain perception rather than to the force of noxious stimulation or the state in which noxious stimulation was delivered. Furthermore, SI activity was significantly correlated with the intensity of pain that was experienced on a trial-by-trial basis in the normal state as well as during CS. These findings suggest that the increased cortical activity found in SI and ACC in previous neuroimaging studies of secondary mechanical hyperalgesia (Iadarola et al., 1998; Baron et al., 1999; Zambreanu et al., 2005; Mainero et al., 2007) mainly reflects the increased intensity of pain experienced during CS.
Conclusion
We used a novel experimental approach to functionally dissect the increased brain activity found during CS. Our results suggest that brainstem activity maintains CS in humans whereas cortical activity, particularly in the SI, reflects the increased intensity of pain experienced during CS. Although further work that provides unequivocal localization of brainstem activity involved in CS is required, these results translate research findings from preclinical models of CS to humans and may inform the development of a noninvasive biomar- Figure 6 . The brain areas in which activity correlated positively with the perception of pain intensity across the normal and CS states are shown in green. Within these areas, activity in the contralateral primary somatosensory correlated with perception of pain intensity associated with punctate stimulation during CS (shown in red) and in the normal state (shown in blue).
